Abstract Phosphatidylinositol polyphosphates (PI-PPs) have been shown to mediate a large variety of physiological processes by attracting proteins to specific cellular sites. Such site-specific signaling requires local accumulation of PI-PPs, and in light of the rich headgroup functionality, it is conceivable that hydrogen bond formation between adjacent headgroups is a contributing factor to the formation of PI-PP-enriched domains. To explore the significance of hydrogen bond formation for the mutual interaction of PI-PPs, this study aims to characterize the pH-dependent phase behavior of phosphatidylcholine/phosphatidylinositol bisphosphate and trisphosphate mixed vesicles by differential scanning calorimetry, infrared transmission spectroscopy, and fluorescence resonance energy transfer measurements. For pH values Ͼ 7-7.5, the experiments yielded results consistent with dipalmitoylphosphatidylcholine/dipalmitoylphosphatidylinositol polyphosphate gel phase demixing, whereas for moderately acidic conditions, an enhanced mixing was observed. Similarly, this pH-dependent formation of PI-PPenriched domains was also found for the physiologically important fluid phase. The stability of PI-PP-enriched domains and to some extent the pH dependence of the domain formation was governed by the number as well as the position of the phosphomonoester groups at the inositol ring. ( Fig. 1 ) have been shown to control membrane trafficking events by recruiting proteins to specific cellular sites (1, 2). The temporal control of phosphoinositide-mediated signaling events is facilitated by a broad range of kinases and phosphatases (1, 3), whereas the signaling specificity is rooted in selective protein binding as well as a high degree of phosphoinositide compartmentalization. This compartmentalization is not only evident in the accumulation of distinct phosphoinositide derivatives in particular cell entities [e.g., enrichment of phosphatidylinositol-3-phosphate in early endosomes and phosphatidylinositol-4-phosphate in the Golgi (2, 4-6)] but manifests itself also in the formation of phosphoinositide-enriched domains. Several studies have reported the raft-dependent (7-13) and raft-independent (14-17) accumulation of phosphoinositides in vivo; however, the mechanisms that lead to such phosphoinositide segregation are elusive. For example, the recruitment of certain phosphoinositides to raft domains raises the question of what kind of molecular interactions and physiological conditions aid such targeting, which is generally unfavorable for lipids with unsaturated acyl chains (the typical chain composition of phosphoinositides is stearoyl/arachidonoyl). Simple lipid partitioning models cannot explain phosphoinositide enrichment in rafts, because measurements on monolayer systems failed to show any phosphatidylinositol-4,5-bisphosphate (PI-4,5-P 2 ) accumulation in cholesterol-enriched domains (although such studies have some limitations when compared with bilayer systems) (18).
Phosphoinositides ( Fig. 1 ) have been shown to control membrane trafficking events by recruiting proteins to specific cellular sites (1, 2) . The temporal control of phosphoinositide-mediated signaling events is facilitated by a broad range of kinases and phosphatases (1, 3) , whereas the signaling specificity is rooted in selective protein binding as well as a high degree of phosphoinositide compartmentalization. This compartmentalization is not only evident in the accumulation of distinct phosphoinositide derivatives in particular cell entities [e.g., enrichment of phosphatidylinositol-3-phosphate in early endosomes and phosphatidylinositol-4-phosphate in the Golgi (2, 4-6)] but manifests itself also in the formation of phosphoinositide-enriched domains. Several studies have reported the raft-dependent (7-13) and raft-independent (14-17) accumulation of phosphoinositides in vivo; however, the mechanisms that lead to such phosphoinositide segregation are elusive. For example, the recruitment of certain phosphoinositides to raft domains raises the question of what kind of molecular interactions and physiological conditions aid such targeting, which is generally unfavorable for lipids with unsaturated acyl chains (the typical chain composition of phosphoinositides is stearoyl/arachidonoyl). Simple lipid partitioning models cannot explain phosphoinositide enrichment in rafts, because measurements on monolayer systems failed to show any phosphatidylinositol-4,5-bisphosphate (PI-4,5-P 2 ) accumulation in cholesterol-enriched domains (although such studies have some limitations when compared with bilayer systems) (18) . ethanesulfonic acid; DPPC, dipalmitoylphosphatidylcholine; DPPI, dipalmitoylphosphatidylinositol; DPPI-3,4-P 2 , dipalmitoylphosphatidylinositol-3,4-bisphosphate; DPPI-3,5-P 2 , dipalmitoylphosphatidylinositol-3,5-bisphosphate; DPPI-3,4,5-P 3 , dipalmitoylphosphatidylinositol-3,4,5-trisphosphate; DPPI-4,5-P 2 , dipalmitoylphosphatidylinositol-4,5-bisphosphate; DSC, differential scanning calorimetry; FRET, fluorescence resonance energy transfer; FTIR, Fourier transform infrared; MARCKS, myristoylated alanine-rich C kinase substrate; NBD-PC, 1-palmitoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl] sn -glycero-3-phosphocholine; PA, phosphatidic acid; PC, phosphatidylcholine; PI-3,4-P 2 , phosphatidylinositol-3,4-bisphosphate; PI-3,4,5-P 3 , phosphatidylinositol-3,4,5-trisphosphate; PI-3,5-P 2 , phosphatidylinositol-3,5-bisphosphate; PI-4,5-P 2 , phosphatidylinositol-4,5-bisphosphate; PI-PP, phosphatidylinositol polyphosphate; PI-xP, phosphatidylinositol monophosphate; POPC, palmitoyloleoylphosphatidylcholine; SAPI-3,4,5-P 3 , stearoylarachidonoylphosphatidylinositol-3,4,5-trisphosphate; T m , melting temperature; a (CD 2 ), antisymmetric CD 2 stretching vibration band;It was suggested that the site-specific recruitment of phosphoinositide kinases and the resulting localized production of distinct phosphoinositides leads to the formation of phosphoinositide-enriched domains (16) , which is a notion supported by a number of studies demonstrating the colocalization of phosphoinositide kinases and raft domain markers (7, 9, 19, 20) . Although localized production is certainly a contributing factor, it alone cannot explain phosphoinositide enrichment, because diffusion away from the site of synthesis will most likely limit the accumulation. It has been shown that protein motifs rich in cationic amino acid residues [e.g., the myristoylated alanine-rich C kinase substrate (MARCKS) effector domain (4, 11, 18, 21) ] aid the formation of PI-4,5-P 2 -enriched domains. MARCKS/ PI-4,5-P 2 binding has been shown to be cholesterol independent; however, the NAP22/PI-4,5-P 2 interaction has been found to be strongly influenced by the presence of cholesterol (22) . Although protein-induced phosphoinositide sequestration is certainly a major factor in the local accumulation of these lipids, it is likely that phosphoinositide domain formation depends on several factors. In light of the rich functionality of the phosphoinositide headgroup, it is conceivable that mutual interaction via hydrogen bond formation is a contributing factor to the formation of phosphoinositide-enriched domains.
In a recent study on phosphatidylinositol monophosphate (PI-xP)/phosphatidylcholine (PC) mixed vesicles (23) , our laboratory has shown that the mutual interaction of PI-xPs is increased for pH values of Ͼ 7.0. This pHdependent interaction resulted not only in PI-xP/PC gel phase demixing but also yielded the formation of PI-xPenriched domains in the fluid phase at high pH. The enhanced PI-xP interaction at high pH is markedly different from the behavior found for phosphatidic acid (PA), which also exhibits a phosphomonoester group in its headgroup. In the case of PA, maximum mutual interaction was observed between the Pk a1 and Pk a2 of the phosphomonoester group, which was attributed to the formation of a hydrogen bond network between adjacent phosphomonoester groups (i.e., the phosphomonoester groups function as hydrogen donors as well as hydrogen acceptors). For PI-xPs, maximum mutual interaction was observed for pH values associated with a predominantly deprotonated phosphomonoester group, which rules out a hydrogen-donating function of this functional group. However, comparison with phosphatidylinositol (PI) revealed a stronger stabilization of PI-xP-enriched phases, which suggests that the phosphomonoester group contributes to the mutual interaction by accepting hydrogens from nearby hydroxyl groups.
This report extends the previous study (23) to phosphatidylinositol polyphosphates (PI-PPs), namely phosphatidylinositol-3,4-bisphosphate (PI-3,4-P 2 ), phosphatidylinositol-3, 5-bisphosphate (PI-3,5-P 2 ), PI-4,5-P 2 , and phosphatidylinositol-3,4,5-trisphosphate (PI-3,4,5-P 3 ). The experiments were designed to explore the importance of hydrogen bond formation for the mutual interaction of PI-PPs and to investigate whether the position of the phosphomonoester groups at the inositol ring affects the physicochemical properties of the respective phosphoinositide. Compared with PI-xPs, PI-PPs exhibit higher headgroup charges, which are expected to lead to an enhanced electrostatic repulsion. On the other hand, the increased number of phosphomonoester groups results in more sites for hydrogen bond formation, which might compensate for the unfavorable repulsive forces. Differential scanning calorimetry (DSC) and temperature-dependent infrared transmission spectroscopy were used to study the gel phase miscibility of mixed multilamellar dipalmitoylphosphatidylinositol (DPPI) polyphosphate/dipalmitoylphosphatidylcholine (DPPC) vesicles. These pH-dependent measurements shed light on the importance of hydrogen bond formation for the mutual phosphoinositide interaction and provide information about the relative stabilities of phosphoinositide-enriched domains. It turns out that the results from these measurements are indicative of a pH-dependent gel phase immiscibility, which raises the question of whether this immiscibility translates into domain formation in fluid PI-PP/PC phases. To address this question, a recently developed flu- Fig. 1 . Chemical structures of phosphatidylinositol (PI), phosphatidylinositol-3,4-phosphate (PI-3,4-P 2 ), phosphatidylinositol-4,5-phosphate (PI-4,5-P 2 ), phosphatidylinositol-3,5-phosphate (PI-3,5-P 2 ), and phosphatidylinositol-3,4,5-phosphate (PI-3,4,5-P 3 ).
by guest, on September 30, 2017 www.jlr.org Downloaded from orescence resonance energy transfer (FRET) protocol was used, which enables the pH-dependent analysis of PI-PP/PC mixing behavior. The FRET measurements furnished results consistent with the formation of fluid PI-PP-enriched domains at high pH (depending of the nature of the phosphoinositide pH Ͼ 7.0-7.5), whereas pH reduction resulted in an enhanced mixing of the two lipid components.
MATERIALS AND METHODS

Materials
DPPI-3,4-bisphosphate (DPPI-3,4-P 2 ), DPPI-4,5-bisphosphate (DPPI-4,5-P 2 ), DPPI-3,4,5-trisphosphate (DPPI-3,4,5-P 3 ), and stearoylarachidonoylphosphatidylinositol-3,4,5-trisphosphate (SAPI-3,4, 5-P 3 ) were obtained from Cayman Chemical (Ann Arbor, MI; Ͼ 98% purity). DPPI-3,5-bisphosphate (DPPI-3,5-P 2 ) was obtained from A. G. Scientific (San Diego, CA; 99% purity). DPPC, 1-palmitoyl-2-oleoylphosphatidylcholine (POPC), brain phosphatidylinositol-4-phosphate, brain PI-4,5-P 2 , bovine liver phosphatidylinositol, and acyl chain perdeuterated dipalmitoylphosphatidylcholined 62 (DPPC-d 62 ) were obtained from Avanti Polar Lipids (Alabaster, AL; the purity of the synthetic lipids was 99%). All lipids in this study were used as received.
-bisphosphate (Bodipy-PI-3,4-P 2 ; excitation, 589 nm; emission, 617 nm) as well as the corresponding Bodipy-PI-4,5-P 2 and Bodipy-PI-3,5-P 2 were obtained from Molecular Probes (Eugene, OR; Ͼ 95% purity). Chain-
sn -glycero-3-phosphocholine (NBD-PC; excitation, 460 nm; emission, 534 nm) was obtained from Avanti Polar Lipids. All buffers (HEPES, MES, 2-[N-cyclohexylamino]ethanesulfonic acid (CHES), and sodium citrate) as well as EDTA and NaCl were of enzyme-grade purity (Fisher Scientific, Chicago, IL). Buffers had the general composition 100 mM NaCl, 10 mM buffer, and 0.1 mM EDTA and were adjusted to the appropriate pH using aqueous HCl or NaOH. The buffers were used as follows: pH 9.5, CHES; pH 8.5 and 7.4, HEPES; pH 6.5 and 5.5, MES; pH 4.5, sodium citrate. Chloroform and methanol, which were used to prepare lipid stock solutions, were American Chemical Society (ACS) grade, and the water used for buffer preparation was HPLC grade (all from Fisher Scientific).
Sample preparation
Lipids were stored in chloroform-methanol (2:1) stock solutions. In the case of phosphoinositides, small amounts of water were added to the organic solvent mixture. Mixed multilamellar vesicles were prepared by drying appropriate amounts of the stock solutions in a stream of dry nitrogen. To avoid lipid demixing attributable to solubility differences among the components of the lipid mixture (which has been shown in some instances to affect the mixing properties in the formed vesicles), this drying process was carried out as quickly as possible at slightly increased temperatures ( ‫ف‬ 50 Њ C). Subsequently, the samples were kept overnight in high vacuum at 45 Њ C. The lipid mixtures were resuspended in the appropriate buffer solution, heated for 5-10 min to ‫ف‬ 50 Њ C, and vortexed for 60 s. This heating/vortexing procedure was repeated two more times. For the DSC and infrared measurements, these lipid suspensions were used for the measurement. The final total lipid concentrations were 0.3 mM for the DSC experiments and 40.6 mM (lipid-water ratio 1:30, w/w) for the Fourier transform infrared (FTIR) measurements. For the fluorescence measurements, unilamellar vesicles were obtained by extruding the multilamellar vesicles at either ‫ف‬ 70 Њ C (saturated acyl chain lipids) or ‫ف‬ 40 Њ C (naturally occurring acyl chain composition) through a 100 nm pore size membrane (Avestin, Ottawa, Ontario, Canada). 
DSC
DSC measurements of mixed multilamellar vesicles were carried out using a Microcal VP-DSC (Northampton, MA). The scan rate was 0.5 Њ C/min, and the total lipid concentration was 0.3 mM. A total of six heating/cooling scans (4-90 Њ C) were recorded, and the third heating scan (the fifth scan overall) was usually found to be representative (the second, third, fourth, fifth, and sixth heating scans were essentially the same).
FTIR transmission spectroscopy
FTIR experiments were carried out with a Tensor 27 spectrometer (Bruker, Billerica, MA) equipped with a broad-band Mercury Cadmium Tellur (MCT) detector. Interferograms were collected at 4 cm Ϫ 1 resolution (500 scans), apodized with a Blackman-Harris function, and Fourier transformed with two levels of zero filling to yield spectra encoded at 1 cm Ϫ 1 intervals. Lipid samples (40.6 mM) were sandwiched between two BaF 2 windows [25 m polytetrafluoroethylene (PTFE) spacer] and placed in a Wilmad (Buena, NJ) temperature-controlled liquid cell holder. The sample temperature was monitored using a thermocouple attached to an Omega (Stamford, CT) DP 116 thermometer (0.1 Њ C relative accuracy). The sample temperature was adjusted using a computer-controlled thermostated water bath. The temperature-dependent acquisition of infrared spectra between 4 Њ C and 90 Њ C took ‫ف‬ 30 h. The samples were checked for proper hydration by visual inspection and by monitoring the water-stretching band intensities. The spectra were processed using the software supplied by the instrument manufacturer. The positions of the methylenestretching vibration bands were determined by calculating the second derivative followed by a center-of-mass peak pick algorithm. This typically results in a peak position accuracy of Ϯ 0.1 cm Ϫ 1 .
FRET measurements
Fluorescence measurements were carried out using a Cary Eclipse fluorescence spectrometer (Varian, Walnut Creek, CA) equipped with a temperature-controlled sample holder. Unilamellar mixed vesicles (0.18 mM total lipid, 15% PI-PP/85% PC) were made as described above, and subsequently, aqueous buffer dispersions of the fluorescently labeled lipids were added to the preformed unilamellar vesicles. The samples were kept for at least 1 h at a temperature above the melting transition of the respective lipid mixtures (i.e., 70 Њ C for saturated lipids, 20 Њ C for unsaturated lipids). The insertion of the fluorescent lipids into the outer leaflet of the bilayer was monitored based upon the NBD-PC emission intensity (the NBD dye is nonfluorescent in an aqueous medium), which reached steady state ‫ف‬ 60 min after the addition of the labeled lipids. The concentration of the respective NBD lipid was 1% of the total lipid concentration, whereas the concentration of the Bodipy lipid was 1.2%. These concentrations were determined to be optimal for a minimal transfer in the demixed state and a maximum resonance energy transfer in the mixed lipid
hexanoyl] (Bodipy-TR) fluorophore (excitation, 589 nm; emission, 617 nm) used for this investigation is not the best FRET partner for the NBD fluorophore (excitation, 460 nm; emission, 534 nm). At first glance, [ 
(Bodipy-TMR) (excitation, 542 nm; emission, 574 nm) appears to be better suited for an NBD donor because of the more favorable position of the absorption band. However, a closer inspection of the Bodipy-TMR absorption spectrum revealed a significant direct excitation of the Bodipy fluorophore for an excitation wavelength between 440 and 460 nm. In contrast, Bodipy-TR shows almost no direct excitation at this wavelength. For all FRET experiments, an excitation wavelength of 440 nm was used. The labeled unilamellar vesicles were titrated with 0.1 N HCl from a high to a low pH value. After each titration step, samples were allowed to equilibrate for at least 6 min (longer waiting times did not lead to deviating results). The observed mixing properties of the respective lipid mixtures were completely reversible (i.e., adjustment of the pH back to ‫ف‬ 10 at the end of the experiment resulted in resonance energy transfer ratios similar to those obtained at the beginning of the titration). The integrity of the vesicles was routinely checked by dynamic light scattering after completion of the titrations, and no vesicle fusion or decomposition was detectable.
RESULTS
DSC
Phosphoinositides usually form in aqueous solution, depending on pH and salt concentration, micellar or nonlamellar phases (24) . Therefore, single-component phosphatidylinositol bisphosphate and trisphosphate systems are not suitable as models for biological membranes; instead, phosphoinositide/lipid mixtures have to be used. We have investigated the thermotropic behavior of mixed DPPI-x,y-P 2 /DPPC (15:85) multilamellar vesicles for pH values between 5.5 and 9.5 ( Fig. 2 ). In Fig. 2A , DSC thermograms for different DPPI-x,y-P 2 /PC mixtures are shown as a function of pH, and in Fig. 2B , the corresponding thermograms for DPPI-3,4,5-P 3 /DPPC mixed vesicles are displayed. For all investigated mixed vesicle systems, the DPPC pretransition peak is abolished, the main phase transition is broadened (indicating reduced cooperativity), and the phase transition temperature increases as the pH is decreased. However, a more detailed comparison of the thermotropic behavior of the different phosphatidylinositol bisphosphate and trisphosphate/DPPC mixtures reveals significant differences. For the DPPI-3,4-P 2 -containing mixtures, the main phase transition peak is split for intermediate pH values, whereas at pH 9.5, this splitting is reduced and the phase transition temperature is lowest. For pH 5.5, the main transition peak is broadened, shifted to a higher temperature, and a small shoulder is discernible above the melting temperature (T m ) of pure DPPC (marked by a line). For DPPI-3,5-P 2 /DPPC mixtures, a broad shoulder at high temperatures develops as the pH is being decreased. This broad high-temperature shoulder, which is already discernible at pH 8.5, is a unique feature of the DPPI-3,5-P 2 /DPPC system and is not found for any of the other phosphoinositide/DPPC mixtures (Fig. 2) . In the case of the DPPI-4,5-P 2 /DPPC mixtures, the phase transition shifts to a higher temperature as the pH is being decreased, mainly because a low-temperature component at 39 Њ C decreases in intensity, whereas a high-temperature component becomes more dominant. Similarly, the DSC peak for DPPI-3,4,5-P 3 /DPPC mixtures evolves from a narrow peak located at 39.0 Њ C to a broad transition peak centered at ‫ف‬ 41.1 Њ C. Generally, all DSC experiments showed a good reversibility (i.e., repeated heating scans matched very well), and only a small hysteresis (difference of the T m values for heating and cooling scans) was found. Furthermore, slower scan rates (0.25 Њ C/min) did not alter the results (data not shown).
For mixed lipid vesicles with low concentrations of the minority component ( Ͻ 20%), it was shown recently that the phase transition peak in the DSC thermogram is largely associated with the majority component. As a result, even in a completely demixed state, the phase behavior of the minority component is often elusive (particularly for broad transitions) (25) . This implies for the data presented above that the transition peaks observed in the DSC thermograms are largely linked to the thermotropic behavior of DPPCrich phases (i.e., a broadening or shift of the DSC peak can be attributed to DPPC being in environments with varying amounts of phosphoinositides). In addition, a phase transition peak with components significantly above the T m of pure DPPC, as observed for DPPI-3,5-P 2 /DPPC mixed vesicles at pH р 7.4, indicates nonideal mixing with favored interactions between unlike molecules, which results in a stabilization of the DPPC-rich phase as marked by the higher T m (although this could be conclusively answered only by investigating the entire DPPI-3,5-P 2 /DPPC phase diagram, which is not possible because pure phosphoinositide vesicles cannot be fabricated).
Compared with DPPI-xP/DPPC mixed vesicles (23), the phase transition peaks for phosphatidylinositol bisphosphate-and trisphosphate-containing mixtures are generally broader (less cooperative) and shift more significantly to higher temperatures as the pH is decreased. Differences in the phase behavior of the respective mixed vesicles are not only observed for varying numbers of phosphomonoester groups at the inositol ring of the phosphoinositide component but are also linked to the phosphomonoester position at the inositol ring. Although deviations in phase behavior were also found among DPPI-xP/DPPC mixtures, they are much more pronounced among DPPI-x,y-P 2 -containing mixed vesicles ( Fig. 2A) .
As mentioned above, the phase transitions of the respective phosphoinositide components are elusive, which can be attributed to the broad nature of the transition and the low phosphoinositide concentrations used in the experiments. Although the DSC experiments were very useful for characterization of the thermotropic behavior of the PC-rich phase, it is not possible to extract more detailed information about the composition of the respective PI-PP phase (in other words, the extent of demixing), because a complete phase diagram cannot be obtained. To gain a better understanding of the phase behavior of phosphoinositide-rich phases, infrared transmission spectroscopy of mixed multilamellar phosphoinositide/perdeuterated PC vesicles was used.
Infrared spectroscopy
Lipid phase behavior can be studied with FTIR spectroscopy by monitoring the position of the methylene-stretching vibration bands, which have been shown to shift to higher wave numbers as the lipid acyl chains become more disordered (26, 27) . In binary mixtures, the acyl chain order of individual lipids can be analyzed independently by using an acyl chain deuterated lipid as one of the two components (28) . That is, the acyl chain order of the deuterated component can be studied based upon the antisymmetric CD 2 stretching vibration band [ a (CD 2 )], whereas the symmetric CH 2 stretching band [ s (CH 2 )] is used to monitor the nondeuterated lipid. As a result, the extent of lipid demixing (domain formation) can be analyzed by comparing the temperature-dependent behavior of the a (CD 2 ) and the s (CH 2 ) bands. For the purposes of this study, we used acyl chain deuterated DPPC-d 62 as the deuterated component, which as a result of the isotopic labeling exhibits a slightly lower phase transition temperature than its nondeuterated analog (36.6 Њ C instead of 41.3 Њ C). Figure 3A shows the s (CH 2 ) and a (CD 2 ) band frequencies of DPPI-x,y-P 2 /DPPC-d 62 (15:85) mixed multilamellar vesicles as a function of temperature. For all three DPPIx,y-P 2 derivatives, a complex, pH-dependent mixing behavior with DPPC-d 62 is observed. All investigated mixtures exhibit for the phosphoinositide component a broad phase transition above the phase transition temperature of the DPPC-d 62 component. The observed demixing (i.e., domain formation) is generally most pronounced for pH levels of ‫ف‬ 8.5; however, the detailed phase behavior of the mixtures is found to be strongly dependent on the phosphate substitution pattern at the inositol ring of the phosphoinositide component.
In the case of DPPI-3,4-P 2 /DPPC-d 62 mixed vesicles, the cooperativity (width of the transition range) as well as the temperatures of the DPPC-d 62 main phase transition change only slightly as the pH is decreased (from 37.3 Њ C at pH 9.5 to 39.5 Њ C at pH 4.5). The increased phase transition temperature of the DPPC-d 62 component at pH 4.5 ( ‫ف‬ 2 Њ C above the T m of pure DPPC-d 62 ) suggests an enhanced mixing of the two lipid components, which should also be reflected in the phase behavior of the DPPI-3,4-P 2 component. This is indeed the case, because along with a broad transition centered at ‫ف‬ 57 Њ C, a second, smaller transition at ‫ف‬ 40 Њ C is discernible. As noted above, the transition peak found in the DSC thermograms is largely associated with the phase behavior of the DPPC component, which implies that the infrared results obtained for DPPC-d 62 should be in general agreement with the phase behavior inferred from the DSC experiments. Because of the isotopic labeling, the DPPC phase transition temperature is lower than in the DSC experiment (36.6 Њ C instead of 41.3 Њ C); therefore, only the width and the relative temperature shift of the phase transitions can be compared between the DSC and infrared measurements. Taking this into consideration, the DSC and infrared experiments for PI-3,4-P 2 /PC mixed vesicles agree well. For example, a broadened phase transition at an increased temperature is found for both types of experiment at pH 5.5 (compare Figs. 2A, 3A) . The peak splitting observed in the DSC thermograms for pH levels between 6.5 and 8.5 is less obvious in the infrared experiments; however, a small fea- 
In this context, it is important to note that the DSC experiment is generally more efficient at resolving poorly separated phase transitions.
Similar to the DSC experiments, the infrared measurements reveal for DPPI-3,5-P 2 /DPPC-d 62 mixed vesicles a phase behavior that significantly deviates from the behavior found for the other phosphoinositides. The phase transition temperature of the DPPC-d 62 component is for all investigated pH values above the T m of pure DPPC-d 62 , and the two lipids form at pH 5.5 a largely mixed phase with a T m of ‫84ف‬ЊC. Similar to the results obtained for the other lipid mixtures, the most pronounced demixing is observed at pH 8.5 (indicated by a DPPC-d 62 phase transition temperature close to the T m of the pure component). However, the corresponding PI-3,5-P 2 phase transition is found at a significantly lower temperature than was observed for PI-4,5-P 2 and PI-3,4-P 2 . This implies that the stability of PI-3,5-P 2 -enriched phases is reduced compared with the other PI-x,y-P 2 derivatives.
Arguably, DPPI-4,5-P 2 /DPPC-d 62 mixed vesicles show the most complex pH-dependent phase behavior. Although also in this case the most pronounced phase separation is found at pH 8.5, the increased temperature as well as the increased width of the DPPC-d 62 phase transition is indicative of a less complete demixing than was observed for DPPI-3,4-P 2 / DPPC-d 62 mixed vesicles. At pH 7.4, the DPPC-d 62 phase transition is found at a slightly higher temperature than at pH 8.5, and a small feature (marked by an arrow) is discernible at ‫64ف‬ЊC. Upon further reduction of the pH, this "high"-temperature phase transition becomes dominant and only a minor subpopulation of the DPPC-d 62 molecules is associated with the "low"-temperature phase transition (Fig. 3A, pH 5.5 ). For the DPPI-4,5-P 2 component, a very broad phase transition with an end point beyond the experimentally accessible temperature range is found. Upon decreasing the pH, the phase transition narrows and a second transition at ‫64-54ف‬ЊC appears (i.e., concurrent with the DPPC-d 62 phase transition). Similarly, at pH 9.5, the DPPC-d 62 phase transition is shifted to higher temperatures and the DPPI-4,5-P 2 trace shows a small transition in that temperature region. It is important to emphasize that the data obtained for DPPI-4,5-P 2 /DPPC-d 62 mixed vesicles indicate only a partial demixing at pH 7.4.
In the case of DPPI-3,4,5-P 3 /DPPC-d 62 mixed vesicles (Fig. 3B) , the phase transition of the DPPC-d 62 component at pH 9.5 is found at a temperature close to the T m of the pure lipid, and in accordance with the DSC measurements, the transition is quite narrow. The decrease of the pH value results in a slight high-temperature shift and a broadening of the DPPC-d 62 transition region. For the DPPI-3,4,5-P 3 component, the phase transition is generally quite broad, and except for a slight narrowing, only minor changes in the DPPI-3,4,5-P 3 phase behavior are observed as the pH is decreased.
Comparison of the transition temperatures of the respective phosphoinositide-enriched phases reveals quite pronounced differences. Although for the DPPI-4,5-P 2 / DPPC-d 62 system the extent of demixing appears to be somewhat limited (see above), the corresponding DPPI-4,5-P 2 -enriched phase is the most stable of all phosphoinositide-enriched domains. Although DPPI-3,4-P 2 -enriched phases show a slightly higher stability than PI-xP phases (i.e., the phase transition is found at a higher temperature), the opposite is found for DPPI-3,5-P 2 (for the corresponding PI-xP data, see 23).
Physiological phosphoinositide concentrations are well below the 15% used for this study. To test for lipid demixing in a physiologically more relevant system, we investigated DPPI-4,5-P 2 /DPPC-d 62 (1:99) mixed vesicles by infrared spectroscopy and found essentially the same phase behavior that was observed for the mixed vesicles with higher DPPI-4,5-P 2 concentrations (data not shown).
In summary, the infrared data suggest gel phase demixing at ‫ف‬pH 8.5 for all phosphoinositide/PC mixed vesicles. However, the extent of the demixing as well as the stability of the phosphoinositide-enriched phase is strongly dependent on the number and position of the respective phosphomonoester groups at the inositol ring (Fig. 3A,  B) . The lipid mixing improves as the pH is decreased, and for DPPI-x,y-P 2 /DPPC-d 62 mixed vesicles, a completely mixed state is obtained at pH 4.5. The question arises of whether the observed gel phase demixing manifests itself also in the physiologically more relevant fluid phase. Only limited information about this phase can be inferred from infrared spectroscopy measurements; therefore, a novel FRET assay was developed recently to enable the analysis of fluid/ fluid demixing (23) .
FRET measurements
Fluorescence quenching and FRET measurements have been used extensively to characterize domain formation in biological model membrane systems. Both techniques use fluorescently labeled molecules with a preference for either the domain or the surrounding phase. FRET measurements typically use two fluorescent probes, which enrich in environments with deviating physical properties. The FRET signal depends on the spectral properties of the donor and acceptor molecules, the proper alignment of the respective transition moments, and most importantly, the distance between the two labeled molecules (typically Ͻ10 nm), which enables the identification of colocalization (mixing) and separation (domain formation) of the probe molecules. The majority of FRET studies directed at the characterization of lipid domain formation have used probes with differential preferences for ordered or disordered environments. Although such a choice is appropriate for the characterization of raft domain formation (which is largely driven by interactions in the hydrophobic moiety), it is less suitable for the investigation of headgroup-driven domain formation. Therefore, we recently introduced a novel FRET assay that uses headgroupspecific chain-labeled PCs and chain-labeled phosphoinositides as probe molecules. From the point of view of chain composition, both labeled lipid molecules prefer to enrich in the most fluid phase. These preferences are expected to be altered by strong interactions in the headgroup moiety, which should result in colocalization (domain formation) of headgroup-matched unlabeled and labeled lipid molecules (i.e., the labeled phosphoinositide molecules are expected to partition into phases rich in unlabeled phosphoinositide). As a result, the distance between the two types of labeled lipid molecules increases and a reduction of the resonance energy transfer occurs. To avoid transbilayer FRET as well as to enable convenient pH titration, the two probe molecules were fused into the outer leaflet of the bilayer by adding them as monomers to the preformed lipid vesicles (for more details, see 23) . All experiments using saturated chain lipids were carried out at 70ЊC (i.e., well above the gel/liquid-crystalline phase transition temperature of both the PC and phosphoinositide components). In the case of the phosphoinositide lipids with natural chain composition (i.e., largely stearoyl/ arachidonoyl), an experimental temperature of 20ЊC was used. In all cases, NBD was used as the donor and Bodipy was used as the acceptor fluorophores (see Materials). Figure 4 shows the fluorescence spectra for DPPI-3,4-P 2 /DPPC (15:85) mixed vesicles labeled with Bodipy-PI-3,4-P 2 (1.2 mol%) and NBD-PC (1.0 mol%) as a function of pH (70ЊC; i.e., fluid lipid phase). It can clearly be seen that the acceptor emission intensity is low at high pH and increases as the pH is decreased (i.e., at high pH, DPPI-3,4-P 2 -rich domains are apparently formed). This pHdependent domain formation was fully reversible (i.e., adjustment of the pH from 3 back to 10 resulted in the same transfer ratios as at the beginning of the experiment). The fluorophore concentrations used in the FRET experiments are quite high, and obviously fluorescence self-quenching needs to be considered. This self-quenching should be most pronounced in the case of phosphoinositide domain formation [i.e., this process will reduce the acceptor emission intensity even further than expected from the reduced resonance energy transfer (in other words, self-quenching amplifies the acceptor/emission ratio differences between the mixed and demixed states)]. Figure 5A displays the raw fluorescence emission spectra for the DPPI-x,y-P 2 /DPPC and DPPI-3,4,5-P 3 /DPPC mixtures at pH ‫ف‬ 7.4, and Fig.  5B shows the acceptor/donor emission ratios for mixed vesicles composed of DPPI-3,4-P 2 , DPPI-3,5-P 2 , DPPI-4,5-P 2 , or DPPI-3,4,5-P 3 and DPPC (15:85; all samples were labeled with NBD-PC and Bodipy-X, where X ϭ PI-3,4-P 2 , PI-3,5-P 2 , PI-4,5-P 2 , or PI-3,4,5-P 3 ).
Generally, the fluorescence intensities observed in the raw spectra showed a typical magnitude (Fig. 5A) , which indicated that the monomeric labeled lipids inserted well into the preformed unilamellar vesicles (the NBD fluorophore is nonfluorescent in aqueous environments). In this regard, the DPPI-3,5-P 2 /DPPC system was an exception because the fluorescence intensities were significantly lower, which suggests a reduced insertion of the labeled lipids. At present, we can only speculate about the reasons for the poor insertion, but fluorophore degradation was ruled out as a possible cause. Instead, the poor insertion appears to be linked to the physical properties of DPPI-3,5-P 2 /DPPC mixed vesicles, which underscores the uniqueness of this system already highlighted by the infrared measurements.
For all DPPI-x,y-P 2 /DPPC and DPPI-3,4,5-P 3 /DPPC mixtures, the acceptor/donor emission ratios are small for high pH values, whereas for low pH values the ratios are significantly increased. Although DPPI-3,5-P 2 /DPPC vesicles showed poor insertion of the labeled lipids (see above), resulting in reduced transfer ratios in the mixed state, the transfer ratio vs. pH trace is still similar to those traces obtained for the other phosphoinositides (i.e., at high pH, the transfer ratios are low and increase as the pH is decreased). With the exception of DPPI-4,5-P 2 -containing vesicles, the transition from the demixed state (low ratio) to the mixed state (high ratio) occurs between pH ‫4.7ف‬ and ‫4.4ف‬ (midpoint is pH ‫)1.6-8.5ف‬ and was found to be fully reversible. The trace for DPPI-4,5-P 2 /DPPC mixed vesicles shows, in contrast to all other investigated systems (including PI-xP-containing vesicles; see 23), an inflection between pH 7 and 8, which results in enhanced transfer ratios at physiological pH, indicating partial disintegration of DPPI-4,5-P 2 -enriched domains at physiological pH.
Although the above experiments were conducted at a temperature that coincides with a fluid lipid state, the saturated chains of the lipid molecules might still aid the formation of phosphoinositide-enriched domains. To explore whether fluid/fluid demixing also occurs for available phosphoinositide/PC mixtures with natural chain compositions, the above experiments were repeated with bovine (Fig. 6) at 20ЊC (fluid lipid  state) . In all cases, the data are in general agreement with the results obtained for the saturated chain analogs (i.e., at high pH, domain formation is observed, whereas reduction of the pH leads to an enhanced mixing of the respective two lipid components). However, in some instances, the exact pH dependence of the transfer ratio deviates slightly (e.g., the trace for the brain PI-4,5-P 2 -containing vesicle is shifted with respect to the saturated chain analog to higher pH values, whereas the opposite is observed for SAPI-3,4,5-P 3 ). In conclusion, natural chain PI-4P and PI-3,4,5-P 3 form at physiological pH domains, whereas the domain-forming tendency of PI-4,5-P 2 is already slightly reduced at this pH. For all investigated natural chain PI-PP/PC mixtures, the demixing was most pronounced at approximately pH 8.5, whereas the PI-PP-enriched domains disintegrate at low pH.
As noted above, physiological concentrations of phosphatidylinositol bisphosphates are considerably lower than the concentrations used above (e.g., typical PI-4,5-P 2 plasma membrane concentrations are in the range of 1%). To test the extent of domain formation for these PI-4,5-P 2 levels, FRET experiments were conducted for 99% PC and 1% PI-4,5-P 2 (in both cases including labeled lipids) (Fig. 7) . Although the transfer ratio difference between the mixed and demixed states is reduced compared with the results obtained for the mixed vesicles with higher PI-4,5-P 2 concentrations (most likely because of the unfavorably low ratio of unlabeled to labeled PI-4,5-P 2 ), the mixture remains largely demixed at pH у 8.5 and shows enhanced mixing as the pH is decreased. It is worth mentioning that measurements for 1% PI-4P/99% POPC also gave results in agreement with those obtained for mixed vesicles containing 15% PI-4P (23).
DISCUSSION
The experiments described here aimed to investigate the extent of phosphoinositide domain formation and were designed to explore whether the phosphate substitution pattern at the inositol ring influences the mutual phosphoinositide interaction. The project was driven by the hypothesis that the bilayer structure in the vicinity of phosphoinositides is not only governed by the number but also by the position of the respective phosphomonoester groups at the inositol ring.
This study as well as an earlier one on PI-xPs (23) gave results consistent with the formation of phosphoinositideenriched domains at or above physiological pH. The Pk a2 values for micellar PI-4P and PI-4,5-P 2 were reported to be 6.5-7.6 (depending on the position of the phosphomonoester group at the inositol ring), which implies that the maximum mutual phosphoinositide interaction is found in a pH range leading to a predominantly deprotonated phosphomonoester group. This observation is in contrast to the results obtained for PA, in which a stabilization of the gel phase was found for pH values between the Pk a1 and Pk a2 of the phosphomonoester group (29) . In that case, it was rationalized that the enhanced mutual PA interaction is attributable to the formation of a hydrogen bond network between adjacent phosphomonoester groups, which function as a proton donor as well as a proton acceptor. In light of the pH dependence of the mutual phosphoinositide interaction, it can be ruled out that such a mechanism is a contributing factor to the observed stabilization of phosphoinositide-enriched domains because the largely deprotonated phosphomonoester groups (pH Ͼ Pk a2 ) cannot donate a hydrogen atom for the formation of a hydrogen bond network. Furthermore, the deprotonation of the phosphomonoester groups results in a high charge of the respective phosphoinositide headgroup, which should lead to strong repulsive forces and, therefore, enhanced phosphoinositide/PC mixing at high pH. How- ever, the opposite is observed, which suggests that these unfavorable repulsive forces are overcome by attractive forces, most likely involving hydroxyl/hydroxyl, hydroxyl/phosphodiester, and hydroxyl/phosphomonoester interactions.
The phase behavior of phosphoinositide/PC mixed vesicles also departs for slightly acidic pH values from the phase characteristics established for PA/PC mixtures (30) . In the case of PA/PC, an enhanced demixing was observed for this pH range, which was attributed to the aforementioned formation of a hydrogen bond network. In contrast, phosphoinositide/PC mixtures exhibit enhanced mixing for pH values Ͻ7, which implies that also for these pH values phosphomonoester group interactions between adjacent phosphoinositide headgroups are not a contributing factor for the stabilization of phosphoinositide-enriched regions of the bilayer. Furthermore, in the case of DPPI-4,5-P 2 -and DPPI-3,5-P 2 -containing mixtures, the phase transition temperatures of the DPPC-d 62 component shift significantly to higher temperatures (Fig.  3A) , indicating nonideal mixing characterized by attractive forces between unlike molecules. It is important to note that PC was chosen for this study because this lipid provides a more stabile and reproducible environment for phosphoinositides than phosphatidylethanolamine or phosphatidylserine. Furthermore, the physiological importance of phosphoinositides is not restricted to the plasma membrane, and phosphoinositides are found in varying lipid environments. The primary goal of this study was to highlight the mutual interaction of phosphoinositides, and in this context, the primary function of PC is to serve as a matrix.
PI-PP/PC vesicles showed, compared with PI-xP-containing vesicles (23) , an increased extent of demixing as well as an enhanced stability of phosphoinositide-enriched domains. Furthermore, PI-x,y-P 2 /PC mixed vesicles exhibited a more pronounced phosphate substitution pattern dependent on the variability of the physical properties of phosphoinositide-enriched bilayer regions. It is important to stress that the position of the phosphomonoester groups at the inositol ring not only influences the extent of domain formation as well as domain stability at high pH but also affects the PI-PP/PC interaction in the mixed state (low pH; see discussion for PI-3,5-P 2 below). The mutual interaction of phosphoinositides is expected to depend on a proper orientation of the hydroxyl and phosphate groups with respect to each other; therefore, it is not surprising that the positions of the respective phosphomonoester groups at the inositol ring are of importance for the observed domain formation. In this context, it is worth mentioning that recent molecular dynamics calculations showed that PI-4,5-P 2 in a mixture with dimyristoylphosphatidylcholine (DMPC) forms clusters that are stabilized by bridging water molecules between hydroxyl and phosphate groups of adjacent PI-4,5-P 2 headgroups (31).
PI-4,5-P 2 /PC mixed vesicles
The infrared transmission experiments revealed DPPI-4,5-P 2 gel phase domain formation at approximately pH 8.5; similarly, the results obtained from the FRET measurements suggest the formation of "fluid-type" domains at the same pH. This fluid/fluid demixing (FRET experiment) was observed for PI-4,5-P 2 /PC mixtures with different chain compositions (saturated chains at 70ЊC vs. natural chain composition at 20ЊC) and PI-4,5-P 2 concentrations as low as 1%. What sets PI-4,5-P 2 apart from the other phosphoinositides is the significantly reduced domain-forming ten- by guest, on September 30, 2017 www.jlr.org Downloaded from dency at physiological pH (i.e., at approximately pH 7, enhanced PI-4,5-P 2 /PC mixing is observed). For micellar PI-4,5-P 2 , the phosphate group at the 4Ј position exhibited a Pk a2 of 6.7, whereas for the phosphate group at the 5Ј position, a Pk a2 of 7.6 was found (32) . It is worth mentioning that the small but reproducible inflection found in the trace of the PI-4,5-P 2 /PC FRET experiments is localized around the Pk a2 of the 5Ј phosphate group, whereas the beginning of the steeper part of the trace coincides with the Pk a2 of the phosphate group at the 4Ј position. Similar to all other phosphoinositides, maximum domain formation is found at a pH above the Pk a2 of the phosphomonoester groups (i.e., the majority of the phosphomonoester groups are deprotonated when the strongest mutual phosphoinositide interaction is found).
Generally, the pH dependence of PI-4,5-P 2 /PC demixing is conserved for all investigated systems; in other words, the results obtained for DPPI-4,5-P 2 /DPPC-d 62 in the gel phase, DPPI-4,5-P 2 /DPPC in the fluid phase, and brain PI-4,5-P 2 /POPC in the fluid phase were all consistent with a demixed state at high pH. However, a more detailed comparison of these three systems exposes some differences. The most ordered system, DPPI-4,5-P 2 /DPPCd 62 in the gel phase, appears to be slightly more demixed between pH 6 and 7 than was found for the mixtures in the fluid phase. Furthermore, comparison of the FRET results obtained for DPPI-4,5-P 2 /DPPC mixtures at 70ЊC and for brain PI-4,5-P 2 /POPC mixtures at 20ЊC reveals a minute shift of the demixed/mixed transition to higher pH for the natural chain lipid composition. These results might indicate that a tighter packing of the lipids enhances the mutual phosphoinositide headgroup interaction, which would result in increased stabilization of the respective phosphoinositide-enriched domains.
PI-3,5-P 2 /PC mixed vesicles
Among all PI-PPs, the gel phase demixing is the least pronounced for DPPI-3,5-P 2 -containing mixed vesicles. Furthermore, the pronounced high-temperature shift of the DPPC-d 62 transition temperature at pH 4.5 and 5.5 indicates a quite strong DPPI-3,5-P 2 /DPPC interaction, which is also evident in the DSC thermograms (pronounced hightemperature shoulder). The results from the FRET experiment are inconclusive because of the poor insertion of the labeled lipids. At present, we can only speculate regarding this behavior, but it appears that the lack of labeled lipid insertion is linked to the unique physical state of DPPI-3,5-P 2 /DPPC vesicles.
PI-3,4-P 2 /PC mixed vesicles
The results obtained from the infrared as well as the FRET measurements are consistent with DPPI-3,4-P 2 domain formation at or above physiological pH. The DPPI-3,4-P 2 data resemble those obtained for PI-xPs and deviate from the results found for the other two phosphatidylinositol bisphosphate derivatives (PI-4,5-P 2 and PI-3,5-P 2 ). For example, as the pH is decreased, the T m of DPPC-d 62 shifts significantly to higher temperatures for DPPI-4,5-P 2 -and DPPI-3,5-P 2 -containing vesicles. In the case of DPPI-3,4-P 2 , the shift is minute (Fig. 3A) , which suggests that the DPPI-3,4-P 2 /DPPC interaction is only minor. Furthermore, the apparent disintegration of PI-3,4-P 2 -enriched domains occurs at a slightly lower pH than is found for PI-4,5-P 2 -enriched domains.
PI-3,4,5-P 3 /PC mixed vesicles
At first glance, the phase behavior of PI-3,4,5-P 3 /PC mixed vesicles is similar to that of PI-3,4-P 2 /PC vesicles [i.e., the pH dependence of the PI-3,4,5-P 3 domain formation (FRET experiments) as well as the limited PI-3,4,5-P 3 /PC interaction at pH 4.5 (infrared measurements) mirrors the conditions found for PI-3,4-P 2 ]. However, a more detailed inspection of the data reveals that the PI-3,4,5-P 3 gel phase is significantly more stable than the corresponding PI-3,4-P 2 phase. It is important to highlight that natural chain PI-3,4,5-P 3 domains remain intact to pH values significantly below physiological pH (FRET experiments; Fig. 6 ), which suggests that at physiological pH, PI-3,4,5-P 3 -enriched domains are quite stable.
CONCLUSIONS
Biological membranes obviously contain a multitude of molecular species that affect the formation of phosphoinositide-enriched membrane regions in vivo; however, it is intriguing that PI-PPs exhibit a significant mutual interaction at physiological pH. However, the most abundant phosphoinositide, PI-4,5-P 2 , shows a slightly reduced domain-forming tendency at physiological pH compared with the other phosphoinositide derivatives. This reduced domain tendency might suggest that PI-4,5-P 2 segregation requires the presence of other chemical species (e.g., basic proteins or bivalent cations). 3Ј phosphorylated phosphoinositides are far less abundant than PI-4,5-P 2 , and their accumulation is believed to be transient and locally restricted. In this context, the stronger mutual interaction of PI-3-P, PI-3,4-P 2 , and PI-3,4,5-P 3 at physiological pH potentially aids local enrichment and might stabilize such regions for sufficiently long periods for proteins to interact.
The results presented here suggest that phosphoinositide-enriched domains are stabilized by a hydrogen bond network formed between the hydroxyl groups and the phosphomonoester as well as phosphodiester groups of adjacent molecules. Obviously, these interactions will depend on the geometry of the inositol phosphate headgroup; therefore, it is not surprising that these interactions depend not only on the number but also on the position of the phosphomonoester groups at the inositol ring. On the other hand, it is expected that these interactions will also lead to different headgroup orientations, which might affect the interaction of these lipids with phosphoinositide binding proteins.
The results presented in this paper highlight the general importance of hydrogen bond formation for the mutual interactions of phosphoinositides. Further experiments are needed to judge to what extent these interactions contribute in vivo to the local enrichment of phosphoinositides.
